A number of different K + channels have been demonstrated in cerebrovascular smooth-muscle cells using pharmacological and electrophysiological techniques. These channels comprise Ca ++ -dependent 2, 6, 7, 14, 39, 40 and potential-sensitive channels 12, 40 (for review see Hirst and Edwards 16 ). In addition, K + channels that appear to be sensitive to the intracellular adenosine 5Ј-triphosphate (ATP) concentration (K ATP channels) have been shown to exist in vascular smooth muscle. 37 This type of channel was originally discovered in pancreatic ␤ cells, where it is thought to be involved in the regulation of insulin secretion. 32 Adenosine triphosphate-sensitive K + channels are blocked by sulfonylureas such as glibenclamide, but there appear to be differences between the channels present in pancreatic ␤ cells and smooth-muscle cells, as judged from the differences in agonist and antagonist affinities. 48 In cerebral as in peripheral arteries, the K ATP channel is activated by compounds such as cromakalim (BRL 34915), pinacidil, minoxidil sulphate, RP 52891, and nicorandil. 8, 18, 21, 22, 27, 42, 49 However, there is evidence that Ca ++ -dependent K + channels may also be affected (alternatively, the K ATP channel may be modulated by the intracellular Ca ++ concentration as well). 39 In the isolated basilar or middle cerebral artery (MCA), application of K ATP channel activators results in a concentration-dependent relaxation after precontraction by a moderately increased K + concentration and by agonists such as 5-hydroxytryptamine, noradrenaline, and prostaglandin F 2␣ . 50 mM or more. 27 Increasing the extracellular K + concentration affects the actual membrane potential in two ways: by moving it toward more positive values and by approaching the K + equilibrium potential. The membrane depolarization increases the probability that potentialsensitive Ca ++ channels will be open, 26 thus resulting in an enhanced influx of Ca ++ ions and contraction. Simultaneously, the Ca ++ ions entering the cell enhance the membrane K + conductance 11 by activating Ca ++ -dependent K + channels, 1, 2, 6 which moves the actual membrane potential toward the K + equilibrium potential (that is, induces membrane hyperpolarization). When the extracellular K + concentration is increased, the relaxant action of K + channel activators is diminished. It will be abolished once the equilibrium potential due to the increased K + concentration becomes more positive than the threshold potential at which a massive activation of potential-sensitive Ca ++ channels occurs. 9, 47 This threshold value may be located between Ϫ50 and Ϫ40 mV in most vascular preparations. 13 It has been claimed in a number of reports that K ATP channel activators are devoid of any vasomotor effects in small cerebral arteries in vitro. 4, 24, 25, 29 This is, however, in sharp contrast to results from in vivo studies in which a dilatory response of small pial arteries during topical application of K ATP channel activators was observed. 22, 28, 43, 45 Therefore, it was the aim of the present study to characterize the relaxant actions of the K ATP channel activator, cromakalim, in different parts of the cerebroarterial tree. The effect of cromakalim was compared with that of bimakalim (EMD 52692), another benzopyrane derivative and putative K ATP channel activator. Part of the results have been presented elsewhere in abstract form.
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Materials and Methods
A total of six cats of either sex were used in the present experiments. The animals were anesthetized by intravenous injection of pentobarbitone (nembutal, 30 mg/kg) or ␣-chloralose (40 mg/kg) and killed by exsanguination. No difference in vascular reactivity was observed between the different anesthetics. The brains were rapidly removed and placed in ice-cold modified Krebs-Högestätt solution with the following composition (in mM):
27 NaCl, 119; KCl, 4.6; NaH 2 PO 4 , 1.2; CaCl 2 ؒ2H 2 O, 1.5; MgCl 2 , 1.2; NaHCO 3 , 15; and glucose, 10. Both MCAs were dissected with the aid of an operating microscope starting from the origin on the base of the skull and proceeding to the distal portions located in the ectosylvian and marginal gyri. Additional pieces of pial arteries were prepared from the gyri comprising that part of the cerebral circulation studied in vivo. 28, 43, 45 The arteries from one side were used on the same day, whereas those from the other side were stored in the refrigerator overnight.
After isolation, the arteries were transferred to 5-ml organ baths and cut into ring segments of approximately 3 mm in length. These segments were mounted on two stainless steel threads (70 m in diameter each) for recording of isometric tension as described previously. 27 The bath solution was continuously bubbled with a gas mixture of 90% O 2 /10% CO 2 to keep pH approximately 7.30. The MCA was divided into three parts: designated proximal (that part located next to the origin from the circle of Willis), intermediate (at least 2 cm distant from the origin), and distal (including the small pial arteries in the ectosylvian and marginal gyri). Segments of all three parts of the MCA were studied in parallel on each day of the experiment.
After mounting, the segments were allowed a 90-minute equilibration period during which the temperature was increased to 37˚C, with washes every 15 minutes and adjustment of resting tension. Smooth-muscle reactivity was checked in each segment by increasing the K + concentration in the bath. In the concentration range below 50 mM, KCl was added without osmotic balance, whereas in higher concentrations NaCl was replaced by KCl to keep osmolarity normal. 27 The functional integrity of the endothelium was checked by applying acetylcholine to segments precontracted with either 10 Ϫ7 M 5-hydroxytryptamine or 10 Ϫ5 M uridine-5-triphosphate (UTP). The acetylcholine-induced relaxation was usually less in the segments kept in the refrigerator, indicating partial deterioration of the endothelium during cold storage.
The effects of cromakalim and bimakalim were investigated in segments precontracted by 10 Ϫ5 M UTP or addition of 30 mM KCl to the bath. When the precontraction had reached a stable level, either cromakalim or bimakalim was applied cumulatively (10
Ϫ12
-10 Ϫ6 M). Thereafter, the solution in the organ baths was replaced with normal Krebs solution and the segments were allowed a 45-minute rest period with several washes. The segments were then precontracted again, and bimakalim was applied to segments that had received cromakalim before, and vice versa. In some vessels the relaxant action of bimakalim was studied during precontraction in a 50-mM K + Krebs solution (NaCl replaced by KCl), because we have found widely suppressed relaxation of proximal feline MCA to be produced by cromakalim under this condition. 27 Furthermore, some vessels were preincubated for 20 to 30 minutes with 10 Ϫ6 M glibenclamide before application of bimakalim. We have recently shown that glibenclamide acts as a competitive inhibitor of cromakalim in several isolated cerebral arteries. 18, 27 Statistical Analysis. The maximum relaxation for each individual concentration-effect curve was determined (E max , given in percentage of precontraction) and the pD 2 value calculated (Ϫlog 10 EC 50 , the concentration that induced half-maximum relaxation). In a similar fashion, the pD 2 value and the maximum contraction (given in percentage of the reference contraction) were calculated for the concentration-effect curves obtained by increasing the K + concentration. In addition, the slope of the concentration-effect curve for KCl (in percentage increase in tone per log unit K + concentration) was calculated for individual experiments from the points below and above the EC 50 concentration as described previously. 27 The pD 2 , E max , and slope values were averaged for all segments according to their position in the MCA tree. The results obtained in segments used freshly or after cold storage were pooled because there was no difference in vessel reactivity toward cromakalim or bimakalim with either UTP or KCl precontraction. In those segments in which the bimakalim-induced relaxation was studied after incubation with 10 Ϫ6 M glibenclamide, the pA 2 values were determined by the equation: pA 2 = log (x Ϫ 1) Ϫ (log [A]), with x = EC 50 test/EC 50 control and [A] = molar concentration of antagonist (10 Ϫ6 M glibenclamide in the present study).
The differences between the compounds and the individual parts of the MCA were tested by means of one-way analysis of variance followed by Duncan's tests for multiple comparisons. A p value less than 0.05 was considered significant. All values in the text and figures are given as means Ϯ standard error of the mean, with the number of observations in parentheses.
Drugs Used in the Study. The following were kind gifts from their respective manufacturers: cromakalim (BRL 34915) from Smithkline Beecham (Harlow, England); bimakalim (EMD 52692) from Merck (Darmstadt, Germany), and glibenclamide from Hoechst (Frankfurt, Germany). We purchased UTP from Serva (Heidelberg, Germany), and 5-hydroxytryptamine creatinine sulfate complex and acetylcholine from Sigma Chemie (Deisenhofen, Germany). Stock solutions of cromakalim, bimakalim, and glibenclamide were prepared in 70% ethanol and diluted with KrebsHögestätt solution. Bimakalim and cromakalim were kept in the dark to prevent decomposition from light. All solutions were freshly prepared on each day of the experiment and kept on ice throughout.
Results
Addition of KCl induced a concentration-related contraction in all vessel segments studied. The concentration-effect curves are depicted in Fig. 1 , and the EC 50 and E max values along with the slopes of the concentration-effect curves are given in Table 1 . The values obtained for the proximal MCA agree very well with those found under identical conditions in a previous study. 27 In some segments a small decrease of resting tension was observed after addition of 5 and 10 mM KCl, and the number of relaxing segments was larger in the distal (65%) than in the proximal MCA (53%).
Addition of 10 Ϫ5 M UTP induced contraction in all vessels studied. The averaged pooled levels of precontraction (in milliNewtons (mN)) were: 2.9 Ϯ 0.3 in 34 proximal MCAs, 2.6 Ϯ 0.4 in 35 intermediate MCAs, and 1.9 Ϯ 0.3 in 43 distal MCAs. After reaching the plateau of the contraction, both cromakalim and bimakalim induced a concentration-related relaxation as shown in Fig. 2 . Bimakalim was significantly more potent than cromakalim in all vessel segments (Table 2 ). There was, however, no difference in the potency of either K ATP channel activator among the segments obtained from the proximal, intermediate, and distal parts of the MCA.
Precontraction induced by adding 30 mM KCl amounted to 5.3 Ϯ 0.7 mN in 21 proximal MCAs, 2.7 Ϯ 0.4 mN in 22 intermediate MCAs, and 2.7 Ϯ 0.4 mN in 18 distal MCAs. Following precontraction by addition of 30 mM KCl, cromakalim and bimakalim induced concentrationrelated relaxation (Fig. 3) . The potency of both of K ATP channel activators appeared to be somewhat diminished as compared with findings for segments precontracted with UTP (Table 2) . This difference, however, did not reach statistical significance.
The relaxant action of bimakalim was widely suppressed in all segments obtained from the MCA when they were precontracted in a 50 mM K + Krebs solution (with osmotic balance). Relaxation to 5 ϫ 10 Ϫ5 M bimakalim amounted to 11.9% Ϯ 6.5% in five proximal, 37.8% Ϯ 7.5% in seven intermediate, and 24.0% Ϯ 3.1% in six distal MCAs.
In some vessel segments, the effects of a 20-minute preincubation with 10 Ϫ6 M glibenclamide on bimakaliminduced relaxation were investigated. Glibenclamide did not affect either resting or UTP precontraction. However, it induced a marked rightward shift of the concentration-effect curves when compared to control conditions (that is, in the absence of glibenclamide 
Discussion
The present study offers several new results: 1) the slope of the concentration-effect curve to depolarization by extracellular K + is identical in different parts of the feline isolated MCA; 2) K ATP channel activators induce concentration-related relaxation of the proximal, intermediate, and distal parts of the isolated feline MCA; and 3) feline isolated cerebral arteries are more sensitive to bimakalim than to cromakalim. A slight regional difference between the proximal and distal MCA was found in the reaction to a small increase in the K + concentration. The threshold for onset of contraction was somewhat lower in the proximal MCA, and there was a greater number of distal segments exhibiting a slight decrease of resting tension with small increases in K + concentration. This difference may have been more pronounced if we had used precontracted segments, according to results obtained in cerebral arteries with an intrinsic tone in vitro 23 or in vivo. 20, 44 The relaxant action of a slightly increased K + concentration that is believed to be involved in metabolic coupling of regional cerebral blood flow 12, 19 may be due to activation of an inward rectifier present in small cerebral arteries. 12, 23, 31 However, once the concentration of K + in the bath exceeded 14.6 mM in our study, contraction occurred, with a comparable slope in all segments. This is important because it indicates that the electromechanical coupling in response to depolarization is similar in all parts along the MCA tree and argues against the possibility that differences in the effect of the K ATP activators are due to differences in this coupling.
The relaxant capacity of cromakalim and bimakalim was studied after adding 30 mM KCl, or in the presence of 10 Ϫ5 M UTP, both of which yielded an easily reproducible sustained contraction in the segments from all parts of the MCA. The UTP-induced contraction consists of two components, with the first (phasic) being due to release of Ca ++ from intracellular stores, and the second (tonic) resulting from an influx of Ca ++ ions mainly through potential-sensitive channels.
36 Adenosine triphosphate-sensitive K + channel activators may counteract this tonic component of contraction by increasing the K + conductance and hyperpolarizing the cell membrane, thus inactivating potential-sensitive Ca ++ channels and cutting The number of segments studied for bimakalim were 11 to 14 in prox., 14 in interm., and nine to 13 in dist. MCA (three cats each).
down Ca ++ influx. The relaxant action of K ATP channel activators is not simply due to inhibiting interaction of UTP with its receptor, as indicated by several lines of evidence. First, precontraction induced by other agonists such as 5-hydroxytryptamine, prostaglandin F 2␣ , or noradrenaline is likewise inhibited. 8, 18, 30, 49 Second, the contraction induced by moderately increasing the extracellular K + concentration, which is largely independent of any agonist-receptor interaction, is also antagonized by cromakalim 21, 27 and bimakalim (present study). There was a tendency toward a lower potency of cromakalim and bimakalim in segments that were precontracted by a 34.6-mM K + Krebs solution, compared with UTP precontraction. This is probably due to a larger degree of depolarization induced by the increased K + concentration. Further increasing the K + concentration in the bath to 50 mM almost abolished the relaxant action of bimakalim, which is in agreement with results obtained for cromakalim. 27 This suggests that the main action of bimakalim is also to increase membrane K + conductance. The site of action of K ATP channel activators appears to be at the vascular smooth-muscle cell layer, as the potency of cromakalim does not differ in arteries with or without a functional endothelium. 10, 34 This may explain why there was no change in the potency of cromakalim and bimakalim in the present study after cold storage of the MCA for 20 hours, although the endothelium-dependent relaxant effect of acetylcholine was somewhat diminished. Because the results obtained for both cromakalim and bimakalim were comparable in segments studied freshly and after cold storage, the results were pooled for calculation of mean values and statistical analysis.
Recently it has been shown that K ATP channels are absent in cerebral microvessels comprising mainly capillaries and postcapillary venules. 41 The same conclusion has been suggested for small cerebral arteries, based on studies in which cromakalim did not induce relaxation of isolated arteries of the rat 24,25 and rabbit. 5, 29 This is in contrast to findings in vivo showing that K ATP channel activators are potent dilators of small pial arteries in rats 22, 28, 45 and cats. 43, 45 The reason for this discrepancy is not clear but may be related to methodological or technical differences in the studies. The results of the present study and those of Ryman, et al., 33 in human pial arteries, however, clearly indicate that small pial arteries also relax in response to application of K ATP channel activators in organ bath experiments. There was no significant difference in the potency of either cromakalim or bimakalim in the segments obtained from the proximal and distal parts of the MCA. There is, however, a markedly lower sensitivity to cromakalim and bimakalim in feline isolated small pial arteries compared with that found in vivo using the perivascular microapplication technique. 45 When comparing the relaxant effects of bimakalim with those of cromakalim as obtained in the present and our previous study, 27 an identical mechanism of action emerges. First, the relaxant action of bimakalim is widely suppressed in the presence of 50 mM K + Krebs solution, as was found for glibenclamide. Second, glibenclamide, which was found to competitively inhibit the cromakaliminduced relaxation of the isolated feline proximal MCA, 27 also induced a rightward shift of the EC 50 of bimakalim. These results thus suggest that the main action of bimakalim is mediated by activation of K ATP channels in cerebral arteries.
The functional role of K ATP channels in the cerebral circulation is not clear at present. It has been suggested that they are involved in the hyperpolarization induced by peptides such as vasoactive intestinal peptide, 38 or the relaxation induced by calcitonin gene-related peptide. 17 Furthermore, these channels may be involved in mediating endothelium-dependent hyperpolarization and relaxation of cerebral arteries. 5, 38 Activation of the K ATP channel may also be of pathophysiological importance. Measurements of membrane potential changes in isolated feline basilar artery have demonstrated a glibenclamide-sensitive increase in K + conductance during hypoxia, 3 suggesting a role for these channels in mediating cerebroarterial relaxation under hypoxic conditions.
The potent relaxant action of K ATP channel activators may suggest a therapeutic value of these compounds in vasospastic conditions. A significant depolarization has been shown to occur and to persist for several days after induction of experimental subarachnoid hemorrhage.
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The activity of the Na/K-ATPase was not altered, suggesting that a decrease in the membrane K + conductance is mainly responsible for this depolarization. 46 In fact, depolarization of the canine basilar artery after experimental subarachnoid hemorrhage could be significantly reduced by application of nicorandil, 15 a compound that in low concentrations activates K ATP channels.
27 This hyperpolarization was accompanied by a significant reduction of vasospasm even several days after its induction, 15 suggesting a therapeutic value for hyperpolarizing compounds in the treatment of vasospastic arterial disease. 
